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Abstract 
Based on Monte Carlo simulation, we report the study of the inversion layer mobility 
in n-channel strained Si/ Si1-xGex MOS structures. The influence of the strain in the Si layer 
and of the doping level is studied. Universal mobility curves µeff as a function of the effective 
vertical field Eeff are obtained for various state of strain, as well as a fall-off of the mobility in 
weak inversion regime, which reproduces correctly the experimental trends. We also observe 
a mobility enhancement up to 120 % for strained Si/ Si0.70Ge0.30, in accordance with best 
experimental data. The effect of the strained Si channel thickness is also investigated: when 
decreasing the thickness, a mobility degradation is observed under low effective field only. 
The role of the different scattering mechanisms involved in the strained Si/ Si1-xGex MOS 
structures is explained. In addition, comparison with experimental results is discussed in 
terms of SiO2/ Si interface roughness, as well as surface roughness of the SiGe substrate on 
which strained Si is grown. 
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1. Introduction 
The use of strained-Si channel pseudomorphically grown on a SiGe virtual substrate is 
becoming a promising way to accelerate the improvement of CMOS performance. In 
strained-Si surface channel configuration with gate oxide, both n-MOS and p-MOS 
transistors should strongly benefit from strain-induced enhancement of carrier transport. The 
biaxial tensile strain introduces splitting of degenerate bands [1] which results, for both 
electrons and holes, in smaller in-plane conduction mass and reduced intervalley scattering 
thereby yielding improved carrier velocity. In the case of electrons this effect has been clearly 
shown from mobility measurement and calculation in SiGe-Si-SiGe quantum wells [2-4] and 
it has been used for designing high-performance MODFET with low noise figure and high 
cut-off and maximum oscillation frequencies [5-6]. Now efforts are made to transfer this 
advantage in CMOS technology on either bulk or insulating substrate [7-10]. It has been 
demonstrated that the effective electron mobility in MOS structures can be substantially 
enhanced using tensile strained-Si channel grown on SiGe buffer layer [7, 11, 12, 13]. 
Compared to unstrained Si structures, a 120% improvement has been recently reported [13]. 
The aim of this article is to carefully analyse the effect of strain on electron transport in the Si 
inversion layer for MOS structures designed on bulk substrate. This theoretical study is based 
on the particle Monte Carlo method for solving the Boltzmann transport equation. 
Many works have been dedicated to the study of transport in bulk Si MOSFET 
inversion layer, both experimentally [14-16] and theoretically [17-20]. Since pioneering work 
of Sabnis and Clemens this type of transport is commonly characterized by the curves of 
carrier mobility plotted as a function of effective vertical field defined by [14] 
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where bQ  and iQ  are the bulk depletion and inversion charges per unit area, respectively, Siε  
is the Si dielectric constant and η  is an empirical parameter. For state-of-the-art bulk-Si 
MOSFET it has been clearly established that by taking η  equal to 0.5 for electrons the 
mobility-field curves obey a "universal mobility" law independently of substrate doping 
[15, 16]. More recently, a similar universal behaviour has been observed for strained-Si 
MOSFET [11]. Similarly, our present work is based on the calculation of mobility versus 
electric field in MOS structures. 
Our device Monte Carlo code includes a 3D Poisson solver self-consistently coupled to 
the Monte Carlo algorithm [21]. For the present work limited to effective mobility extraction, 
the Poisson coupling is disabled. According to the gate bias, the 1D Poisson's equation is 
solved in the MOS capacitor prior to the Monte Carlo computation which is then made under 
frozen vertical field and uniform lateral driving field. This non-self-consistent approach may 
include quantization effects through coupling to 1D Schrödinger's equation [4]. Such 
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quantization effects are expected to be strong in future bulk devices because the 
necessary use of high doping to reduce short channel effects may induce high transverse 
electric field. In this regard device simulation should include these effects. However, 
device simulators able to accurately describe scattering mechanisms (MC simulators) 
together with quantization effects through self-consistent coupling of the Poisson and 
Schrödinger equations have not yet reach a high level of maturity. Thus, despite a loss of 
accuracy, it may be considered that a 3D description of the carrier gas in the channel is 
still useful and relevant provided it is able to correctly reproduce experimental results. 
That is why quantization is not taken into account in this work. The empirical 
roughness scattering model presented below has been developed for a 3D gas in such a 
way that it can be used for self-consistent device simulation which does not include 
quantization yet. 
To correctly model the transport in inversion layer, a careful description of both 
roughness scattering and impurity scattering is required. The former dominates the transport 
at high effective field effE  and the latter strongly varies as a function of effE  as a result of the 
carrier density dependence of the screening effect. The impurity scattering model has been 
modified to include the local carrier density in the evaluation of the screening function. 
Surface roughness scattering is treated with the widely used technique for 3D electron gas 
which consists of an empirical combination of diffusive and specular reflections at oxide 
interface [22-24]. However, to recover the universal mobility on a large range of substrate 
doping and effective field, we show that the fraction of diffusive scattering should not be a 
constant but a function of effE . 
The theoretical background of the Monte Carlo model is presented in Sec. 2. The results 
of electron transport in bulk-Si MOS structures are described in Sec. 3 and compared with 
experimental results. The transport in strained Si structures is then carefully analyzed in 
Sec. 4 as a function of strain and Si thickness. 
2. Monte Carlo Model for electrons in inversion layer 
Here in Sect. 2 we give details of the Monte Carlo model used to describe the electron 
transport in Si, SiGe and strained Si in the case of MOSFET inversion layer. 
2.1. Conduction-band structure of strained Si/ Si1-xGex 
In this work, the conduction band of unstrained Si consists of six non parabolic ∆ 
valleys located along the [100] directions at 85% of the Brillouin zone edge. The equi-energy 
surfaces are ellipsoidal with the transverse effective mass mt = 0.1905 m0 and the longitudinal 
effective mass ml = 0.9163 m0 (m0 being the free electron mass). The non parabolicity 
coefficient α is assumed to be 0.5. For Si(100) inversion layer, it is convenient to denote 
normal (or ∆2) valleys the two valleys that have the longitudinal axis normal to the plane of 
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growth and to denote parallel (or ∆4) valleys the four valleys that have the longitudinal axis in 
this plane. 
For strained Si inversion layers on a (100)-Si1-xGex pseudosubstrate, the normal valleys 
shift down with respect to the parallel ones, therefore favoring electron transport with a 
transverse mass in the plane of growth. In bulk Si1-xGex (for 0.3x ≤ ), the conduction-band 
structure remains Si-like with six ∆ valleys assumed to be undistorted in the presence of Ge. 
We assume here that, at first order, transverse and longitudinal masses in tensile-strained Si 
and bulk Si1-xGex remain unchanged by strain or in the presence of Ge [25, 26]. In addition, 
the effect of strain in Si is included in the splitting energy ∆Es between the two lowered 
normal valleys and the four raised parallel valleys. ∆Es is given as a function of the Ge 
content x in Si1-xGex by ∆Es = 0.68 x (eV) [27, 28]. The presence of strain also reduces the Si 
band-gap, which leads to a conduction band-offset ∆Ec at the Si/ Si1-xGex interface given by 
∆Ec = 0.55 x + 0.1 x2 (eV) [27, 28]. 
2.2. Scattering mechanisms 
The scattering mechanisms included in the Monte Carlo model of electron transport in 
Si are acoustic intravalley scattering, intervalley scattering via three f and three g phonons, 
ionized impurity scattering, surface-roughness scattering at SiO2/Si interface and, for SiGe 
only, alloy scattering. 
2.2.1. Phonon scattering 
The acoustic intravalley phonon scattering is treated as an elastic process. By neglecting 
anisotropic effects the scattering rate in ∆ valleys is given by [29] 
 ( ) ( ) ( )3/2 2B D acac 22 1 1 2k T m DE E E Euλ α απ ρ= + +=  (2) 
where E is the electron kinetic energy, ( )1/32D t lm m m=  is the density of states effective mass, ( )l t2 3u u u= +  is the average sound velocity, kB the Boltzmann constant, T the lattice 
temperature, ρ is the material density and acD  is the acoustic deformation potential. 
The ∆-∆ intervalley transitions are generally treated via the usual zeroth-order transition 
matrix, which yields to the following expression of scattering rate [29] 
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where ivω=  is the phonon energy, D0 is the corresponding deformation potential, Np is the 
phonon number, ∆Eiv is the intervalley energy transition, Ziv is the number of possible final 
valleys, σ  is equal to –1 in the case of phonon absorption and to +1 in the case of phonon 
emission. 
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However, according to selection rules, the transitions with low energy phonons, i.e. f1 
(TA), g1 (TA), and g2 (LA) are forbidden via zero order process. Ferry proposed they should 
be considered by expanding the transition matrix to the first-order in the phonon wave vector 
without transgressing the selection rules [30]. The deformation potential D1 is then expressed 
in eV instead of eV/cm for the coupling constant D0 of usual zero order process. The wave 
vector dependence of the scattering rate becomes a simple energy dependence using the 
isotropic approximation ( ) 2 2 D2E E E k mα+ = = . If E ′  stands for the final energy 
iv ivE E Eσ ω ∆′ = + +=  the complete expression of the first-order scattering rate is finally 
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We have adopted this approach to treat ∆-∆ intervalley scattering through f1, g1 and g2 
phonons while scattering through f2, f3 and g3 phonons are considered via the usual zeroth-
order process [4, 31]. A similar approach is used by other authors [32-34]. The material and 
phonon parameters used in the calculation are listed in Table I. 
2.2.2 . Impurity scattering 
Within the Born approximation, impurity scattering is treated via the screened Coulomb 
potential using the momentum-dependent screening length L defined by [35] 
 ( ) ( )2 2D2
S B
( )1 e n F q F
k TL
ξ ξε= =
r  (5) 
where Dq  is the inverse of the Debye-Hückel screening length, ( )n r  is the local carrier 
density, Sε  is the dielectric permittivity and the normalised variable ξ  is defined by 
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where kkq ′−=  is the wave vector involved in scattering event from an initial state k  to a 
final state ′k . The screening function ( )F ξ  has been derived for nondegenerate 
semiconductors [35, 36] and may be conveniently rewritten as [37] 
 ( ) ( ) ( )2 2
0
1 exp expF x dx
ξ
ξ ξξ= − ∫  (7) 
which is a tabulated function [38]. Considering the scattering angle θ , the impurity scattering 
rate for an electron in state k  of energy E is given by 
( ) ( ) ( ) ( )( )( )
12 4
3/ 2
imp D imp 24 2 2 2S 1 D
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where impN  is the impurity concentration and Z is the number of charge units of the impurity. 
In the integral, the terms q and ξ  depend on the angle θ  through ( )2 22 1 cosq k θ= − . 
Again, the isotropic approximation of the dispersion relation may be conveniently used to 
make ( )imp kλ  an energy-dependent function ( )imp Eλ . The electron-impurity scattering is 
intrinsically an anisotropic mechanism but for mobility calculation it may be treated as an 
isotropic process by replacing the actual scattering rate by the reciprocal of the momentum 
relaxation time 1impτ −  obtained by introducing the factor θcos1−  in the integration of Eq. 8 
[39]. For transport calculation in uniform material the density n entering the screening length 
of Eq. 4 is usually chosen equal to the impurity concentration impN . It is not valid in the case 
of transport in MOS inversion layer where the local carrier density is strongly non-uniform 
and dependent on the applied bias. In our model the screening length is thus calculated from 
the local density ( )n r , which is important to obtain good results for the effective mobility on 
the full range of effective field at any impurity concentration. 
2.2.3. Surface-roughness scattering 
In inversion layers, carrier transport can be strongly affected by irregularities at the 
SiO2/Si interface and by charge distributions in SiO2. Surface-roughness scatterings can be 
treated as described in Refs [18, 40] using two technology-dependent parameters Λ and ∆, the 
correlation length and amplitude of the interface roughness, respectively. Coulomb scattering 
with fixed charges located in the oxide and/ or at the interface can also be taken into account 
[17, 18, 41]. This approach is appropriate to a two-dimensional electron gas, but there is not 
any standard model for the case of three-dimensional gas. In the present Monte-Carlo 
simulations, only surface-roughness scattering due to the deviation of the SiO2/Si interface 
from an ideal plane is considered and is treated with an empirical combination of specular and 
diffusive scattering for carriers that hit the interface [23]. Usually, the fraction of diffusive 
scattering Ndiff is considered as a constant value which may vary significantly, however, 
according to the authors: for example, Ndiff can be equal to 6% [23], 8.5% [42], 15% [24] or 
50% [22]. In the present work, the fraction Ndiff has been chosen to vary with the effective 
vertical field Eeff and the determination of Ndiff as a unique function of Eeff is developed in 
Sec. 3.1. 
2.2.4 . Alloy scattering in Si1-xGex 
In the simulated structures with thin strained-Si channel some electrons may enter the 
Si1-xGex virtual substrate where alloy scattering is to be considered. Alloy scattering is 
treated within the classical model of the "square well" perturbation potential of height allU  in 
a sphere of volume V centred on each alloy site. The radius of this sphere is arbitrarily chosen 
as the nearest-neighbour distance 43 00 ar =  where a0 is the lattice parameter [43]. The 
alloy potential allU  is considered equal to 0.8 eV for electrons in SiGe [44]. The isotropic 
alloy scattering relaxation time is given by 
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2.3. Simulated structures and simulation procedure 
The epilayer stack of the simulated MOS structures consists of tensile-strained Si 
pseudomorphically grown on thick Si1-xGex (001) pseudo-substrate. The thickness of the top 
strained Si layer is either 2 nm, 5 nm, 8 nm or 420 nm. The latter thickness is unrealistic for 
practical applications and is just considered for the purposes of comparison. The Ge content x 
in the pseudo-substrate varies from 0 to 30%. The doping levels of Si and Si1-xGex are 
identical and vary from 1×1016 to 1×1018 cm-3.  
Prior to Monte Carlo simulation of transport, the 1D Poisson's equation is solved in the 
MOS capacitor according to the gate bias VGS to obtain the vertical field and carrier density 
profiles. The corresponding effective field is deduced from Eq. 1. The Monte Carlo 
calculation is then performed using this vertical profile of electric field and considering a 
uniform parallel driving field. As mentioned in the introduction, quantization effects are not 
taken into account. All simulations are performed at room-temperature. 
3. Effective mobility in bulk Si MOS structures 
3.1. Determination of Ndiff 
The fraction of diffusive scattering has been determined as a function of Eeff from an 
adjustment to experimental mobilities [16] obtained for an inversion Si layer in a lightly 
doped n-MOSFET. Indeed, for small doping levels the effects of impurity Coulomb scattering 
on carrier transport are not strong and the Eeff dependence of µeff is mainly due to roughness 
scattering. For a given VGS (i.e. for a given Eeff), some simulations have been performed by 
varying Ndiff. The obtained effective mobilities ( )eff diffNµ  are then compared to the 
experimental µeff, which allows us to deduce the relevant Ndiff value. Repeating this 
procedure for different Eeff leads finally to the following expression of Ndiff as a function of 
Eeff (with Eeff in kV/cm) : 
2 3 44 7 10 14
diff eff eff eff eff0.176 2.29 10 3.1 10 1.69 10 2.84 10N E E E E
− − − −= − × + × − × + ×  (10) 
We have then assumed that this expression can be applied for any other doping levels 
and whatever the strain in the Si layer, which is discussed in Sec. 4.1. 
3.2. Universal mobility curves 
On Fig. 1 we have plotted, for various impurity concentrations, the ( )eff effEµ  curves 
obtained by Monte Carlo simulation (lines) as well as some experimental curves (lines with 
symbols) [11, 15, 16, 45]. As experimental mobilities, the calculated mobilities are in good 
agreement with the “universal mobility curve”, as defined by Takagi et al. [16] (dashed line). 
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In addition, the ( )eff effEµ  curves mirror the fall-off of the experimental mobilities in weak 
inversion regime, which results from reduced screening of impurities at low electron density 
(see Eqs. 5 and 8). The respective influence of impurity and surface-roughness scatterings is 
clearly illustrated in Fig. 2 where we plot the average rate of scattering for different 
scattering mechanisms. These rates are obtained by counting the scattering events 
experienced by all simulated particles (50000) for a given period of time (270 ps). Under 
high Eeff, electrons are distributed close to the SiO2/Si interface, and the probability for an 
electron to undergo a diffusive scattering event increases for a given period of time. Indeed, 
as it can be seen on Fig. 2, for high Eeff values, surface-roughness scatterings (circles) are 
dominant and independent of the doping level, leading to the decrease of the mobility and to 
the “universal curve”. At low VGS, the deviation from the “universal mobility curve” is larger 
as the Si doping level increases and is directly related to impurity Coulomb scattering. 
Indeed, Fig. 2 shows that these impurity scatterings (triangles) are obviously more frequent 
when the doping level is high (see the arrows on Fig. 1 and 2, indicating the points 
corresponding to VGS = 0 V). For 1018 cm-3, this type of scattering dominates under low VGS 
bias, while its influence decreases when increasing VGS, as a consequence of enhanced 
electron density and higher screening effects. Nevertheless, for a given doping level, we can 
notice that the experimental curves and those obtained by simulation are not systematically 
superimposed at low VGS bias. Two possible reasons can be put forward: there is either a 
difference between real and announced experimental doping levels, or/and a poor estimation 
of screening effects for the computation of impurity scattering rate. The first explanation can 
be illustrated with the help of the experimental curves of Fig. 1 corresponding to doping 
levels of 1016, 1017 and 1.4×1017  cm-3 (triangles and reverse triangles). On one hand, for 
similar announced doping levels (full triangles and reverse triangles), a significant 
discrepancy of the µeff values is observed, and, on the other hand, identical µeff values are 
obtained for two different doping levels (full and open triangles). Second, each experimental 
curve may be fitted by calculation after adjustment of the screening length entering Eq. 8. A 
single approach of screening does not allow us to describe exactly each different technology, 
i.e. all experimental spread data found in the literature [46]. Nevertheless, the experimental 
trends are correctly reproduced and in addition to previous validation of phonon scattering 
model [4, 31], these first results validate our combined approach of Coulomb and surface-
roughness scatterings. It should be mentioned again that this approach has been developed in 
such a way that it is easily applicable to self-consistent device Monte Carlo simulation. 
4. Effective mobility in strained Si inversion layers 
4.1 Effect of strain on electron mobility 
The simulations have been extended to MOS structures with 8 nm-thick strained Si as 
surface channel on relaxed Si1-xGex virtual substrate for various values of x (0.05, 0.10, 0.15, 
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0.20 and 0.30) and of doping level (1016, 1.4×1017, 3×1017 and 1018 cm-3). On Fig. 3, we 
have reported the effective mobility as a function of Eeff for x = 0.15 and bulk Si. The curves 
( )eff effEµ  obtained for the other x values are omitted here for clarity. Whatever x, these 
curves mirror the behaviour of µeff versus Eeff obtained for bulk Si. Indeed, we observe a 
universal character of µeff for high effective field, as well as a drop of the mobility in weak 
inversion regime. We can also see the expected mobility enhancement when compared to the 
case of bulk Si. This effect is more clearly evidenced on Fig. 4, where we have plotted 
( )eff effEµ  by varying x from 0 to 0.30, the doping level being equal to 1016 cm-3. We 
observe an increase of the mobility with the Ge content in the pseudosubstrate, i.e. with strain 
in the Si inversion layer. For x ≤ 0.10 the mobility enhancement is nearly constant over the 
full range of effective field. For x ≥ 0.15, this mobility enhancement depends on Eeff: the 
maximum of µeff is reached for x = 0.30 under low Eeff (≤ 300 kV/ cm) and as soon as 
x = 0.15 under higher effective fields (> 300 kV/ cm). 
The mobility enhancement is also observed for the other doping levels studied in this 
work and can be explained in terms of effective mass and of average rate of the different 
scattering mechanisms. Indeed, when increasing x, more and more electrons reside in the ∆2 
valleys of the strained Si inversion layer, and then exhibit a transverse effective mass (i.e. a 
low mass) in the direction of transport and a longitudinal effective mass (i.e. a high mass) in 
the vertical direction. Concurrently, we observe that the average rate of surface-roughness 
and intervalley phonon scatterings diminishes (see Fig. 5), which also contributes to the 
improvement of the mobility. The number of acoustic phonon scatterings per unit of time 
(not shown in Fig. 5) remains independent of Eeff and strain, and is equal to about 
1.93×1012 s-1. The rate of intervalley phonon scatterings diminishes continuously with 
increasing x, mainly due to the increase of the splitting energy ∆Εs between the ∆2 and ∆4 
valleys. The decrease of the average rate of surface-roughness scattering with x is related to 
the increase of electron population in the ∆2 valleys. Indeed, the electrons of the ∆2 valleys 
that hit the SiO2/ Si interface have a low vertical component of velocity due to the 
longitudinal effective mass, and then this scattering mechanism happens less frequently when 
x increases. As soon as x reaches 0.15, about 96% of electrons in the strained Si are in the ∆2 
valleys, and therefore increasing x beyond 0.15 does not almost change the number of 
scatterings, as it can be seen on Fig. 5 (full symbols). Under low Eeff, both intervalleys 
phonon and surface-roughness scattering decrease contribute to the mobility enhancement 
with x. Nevertheless, under high effective field, surface-roughness scatterings clearly 
dominate and the maximum of mobility is reached for x = 0.15, due to the saturation of the 
number of this scattering. 
We have then compared the ( )eff effEµ  curves of Fig. 4 to experimental mobilities 
[7, 11-13, 45, 47]. The experimental electron mobilities versus Eeff are generally extracted 
from the linear regime of drain current ID (VDS) for long surface-channel strained Si n-
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MOSFETs. Experimentally, the mobility enhancement is nearly constant over the full range 
of effective field, whatever x [11, 47]: see for example the results of Currie et al. in the insert 
of Fig. 4 [11]. Rim et al. have shown, with the help of a simple curve-fitting analysis, that 
both phonon scattering rate and surface-roughness scattering rate should be reduced to 
correctly describe the experimental mobility in strained Si on Si1-xGex for x ≥ 0.15 [47]. This 
observation suggests that strain may influence surface-roughness scattering: indeed, Boriçi et 
al. [48] have evidenced that a SiO2/ strained Si interface is less rough than a SiO2/ Si one. 
From the point of view of our simulations, it means that considering ( )diff effN E  as 
unchanged by strain leads to under-estimated mobility at high effective fields. Further 
experimental data would be necessary to check this assumption and to quantify the effect of 
strain on Ndiff. Considering mobility values under low effective fields, typically 0.3 MV/cm, 
we have reported in Fig. 6 the electron mobility enhancement relative to bulk Si as a function 
of x for our results (open symbols) and for experimental data (full symbols). The saturation of 
the mobility when x reaches 0.15 is also evidenced experimentally (see data from Refs [11, 
47]), and increasing the Ge content above 0.20 has no more effect on mobility [11]. 
Nevertheless, the plot of Fig. 6 shows a discrepancy between the various experimental results. 
For instance, for x = 0.30, the electron mobility can be enhanced by ≈ 80% [11] or by 120% 
[12, 13]. These differences can be explained in terms of surface roughness of the strained 
Si/Si1-xGex. Sugii et al. investigated the relationship between Si surface morphology (periods 
and edge shapes of undulations) and electron mobility [49]. They obtained the best 
enhancement of mobility when the strained Si was grown on a pseudosubstrate consisting on 
a Si1-yGey (0 < y < x) graded buffer layer (GBL) followed by a Si1-xGex buffer layer, and 
they concluded that surface roughness must be controlled to increase mobility in strained Si 
layer. Recently, an approach with Monte Carlo simulations has confirmed the strong 
dependence of SiGe pseudosubstrate roughness (correlation length and amplitude) on 
mobility [34]. Other investigations showed that adding chemical-mechanical-polishing 
(CMP) of the pseudosubstrate improves the Si surface, whose roughness becomes of about 
0.4 nm compared to about 10 nm for strained Si layer grown on GBL without CMP [12, 34]. 
When a thick metastable strained Si layer (≈ 25 nm) is then grown directly on the 
pseudosubstrate with CMP, mobilities are significantly enhanced when compared to devices 
without CMP (see full triangle [12] on Fig. 6). On the other hand, this enhancement is not 
observed for thin strained Si layer (8 nm in Ref. [11]) or when a regrowth of SiGe is carried 
out after CMP [11]. In the former case, carriers must be close to contaminants resulting from 
the CMP, and in the latter case the roughness has again increased after regrowth of SiGe. 
According to Fig. 6, a large enhancement of µeff is also observed for Refs [13] and [7] (full 
triangle and square, respectively), despite no CMP has been used. Olsen et al. obtained low 
surface roughness by growing a Si/Si0.7Ge0.3 structure on a relaxed constant composition 
Si0.85Ge0.15 virtual substrate [13] and the same mobility enhancement as Sugii et al. was 
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achieved [12]. Concerning the result of Rim et al., the lack of experimental details does not 
allow us to explain this mobility enhancement [7]. For the other data plotted on this figure, 
the technological processes for NMOS fabrication including a GBL were similar and lead to 
close mobility values [11, 45, 47]. Our results obtained from Monte Carlo simulation are in 
accordance with the best experimental mobility enhancements [7, 12, 13]. 
Other modelling approaches have considered the quantized nature of the inversion layer 
for transport calculation in strained Si [40, 41, 50, 51]. Using the standard Ando's model 
of roughness scattering [40] it has been shown that the scattering rate in strained Si is 
strongly overestimated [41]. The model has been improved by Gámiz et al. [50,51] to 
include the effect of the buried layer (SiGe or SiO2) on the perturbation Hamiltonian, 
which yields satisfactory mobility behaviour versus transverse electric field [51]. It 
should be noted that if plotted on a linear scale, the results obtained from our simple 
empirical approach are in good agreement with that of Ref. 51. A similar method for the 
case of a 3D electron gas has been developed by including the correlation length Λ and 
the amplitude ∆ of surface fluctuations in the determination of the specular scattering 
probability which, however, is independent of transverse field [52]. Using this approach, 
a correct agreement with experimental high-field mobility in strained Si is found only if 
Λ and ∆ are significantly longer and smaller, respectively, than in relaxed Si, which is an 
additional indication that the strain in Si reduces the roughness of the SiO2 interface.  
 
4.2 Effect of strained Si thickness on electron mobility 
We have also investigated the effect of the strained Si thickness on electron mobility. 
Keeping the Ge content and the doping level constant (0.15 and 1016 cm-3, respectively), 
simulations with four different Si thicknesses have been performed. The corresponding 
( )eff effEµ  curves are plotted on Fig. 7. An influence of the strained Si thickness is obvious 
under low effective field. Indeed, µeff falls off when decreasing the Si thickness down to 
5 nm. Between 5 nm and 420 nm, the values of mobility are quite close to each other. Under 
high effective fields, the mobility remains unchanged whatever the strained Si thickness. In 
these structures, the distribution of electrons in the different layers as a function of Eeff (see 
full symbols of Fig. 8) show that under low effective field, the percentage of electrons present 
in the SiGe pseudosubstrate increases with decreasing the strained Si thickness. This leads to 
parasitic electron conduction through the low-mobility SiGe underlayer, which degrades the 
overall mobility. Additionally, the number of electrons close to the SiO2/Si interface is higher 
for thinner strained Si layers, which is then accompanied by an increase of the average rate 
of surface-roughness scattering events (Fig. 8, open symbols). These facts explain why, under 
low effective field, mobility decreases with decreasing the Si thickness. Under high effective 
fields, the electrons are all located in the strained Si layer and the average rate of surface-
roughness scattering is identical from a structure to another. Whatever the strained Si 
-12- 
thickness, 96% of the electrons located in the Si exhibit a transverse mass, and therefore the 
Si thickness has no influence on the mobility, as it can be seen on Fig. 7. Currie et al. have 
studied the effect of channel thickness on mobility enhancement for NMOS devices [11]. 
They observed large mobility degradations for the thinnest channels, and as soon as the 
channel thickness increases beyond 5 nm, the devices exhibit the expected mobility 
enhancements we have reported on Fig. 6 (full circles). This trend is in accordance with our 
observations. 
Conclusion 
 
In this work, we have carefully analysed the effect of strain in Si, doping level and Si 
thickness on electron transport in the inversion layer of a strained Si/ Si1-xGex MOS structure. 
Our investigations were based on the calculation of effective mobility versus effective field 
using Monte Carlo simulations. As for bulk Si inversion layers, a universal relationship 
between µeff and Eeff is found when Si is strained. In addition, we observe the deviation from 
these universal curves in weak inversion regime, due to Coulomb scatterings with impurities. 
The experimental trends are correctly reproduced by these results, which validates our 
approach of phonon, Coulomb and surface-roughness scatterings. Regarding the strain-
induced mobility enhancement factor (maximum of 120 % for strained Si/ Si0.70Ge0.30), our 
simulation results match well with best available experimental data. The role of Si thickness 
is evidenced under low effective field and for thickness lower than 5 nm. A degradation of the 
mobility is then observed, due to electron conduction through the SiGe underlayer and 
increase of surface-roughness scatterings. 
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Figure captions  
 
Fig. 1: Calculated and experimental [11, 15, 16, 45] µeff(Eeff) curves for electrons in bulk Si 
inversion layers for various doping levels (in cm-3). Arrows indicate the bias point VGS = 0. 
 
Fig. 2: Average rate of surface-roughness scattering (circles), intervalleys phonon scattering 
(rhombus) and Coulomb scattering with doping impurities (triangles) as a function of Eeff in 
two different doped bulk Si: 1×1016 cm-3 (open symbols) and 1×1018 cm-3 (full symbols). 
These rates are obtained by counting the scattering events experienced by all simulated 
particles (50000) for a given period of time (270 ps). 
 
Fig. 3: Calculated µeff(Eeff) curves for electrons in 8 nm-thick strained Si/ Si0.85Ge0.15 and 
bulk Si inversion layers for various doping levels (cm-3). 
 
Fig. 4: Calculated µeff(Eeff) curves as a function of x for electrons in 8 nm-thick strained 
Si/Si1-xGex inversion layers doped at 1×1016 cm-3. For comparison, experimental results of 
Currie et al. [11] are reported in the insert. 
 
Fig. 5: Average rate of surface-roughness scattering (full symbols) and intervalleys phonon 
scattering (open symbols) as a function of Eeff and for various x values in 8 nm-thick strained 
Si/Si1-xGex inversion layers doped at 1×1016 cm-3. 
 
Fig. 6: Electron mobility enhancement deduced from our simulations (open circles) and from 
experimental results (full symbols) [7, 11-13, 45, 47]. 
 
Fig. 7: Calculated µeff(Eeff) curves as a function of Si thickness for electrons in strained 
Si/Si0.85Ge0.15 inversion layers doped at 1×1016 cm-3. 
 
Fig. 8: Average rate of surface-roughness scatterings as a function of Eeff ans Si thickness in 
strained Si/Si0.85Ge0.15 inversion layers doped at 1×1016 cm-3 (open symbols). The 
percentage of electrons in the Si0.85Ge0.15 underlayer is also reported (full symbols). 
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Tables 
 
 
Table I. Material and phonon scattering parameter for electrons in Si 
 
Lattice constant a0 (Å) 5.431 
Density ρ (g/cm3) 2.329 
Longitudinal sound velocity ul (cm/s) 9.0 × 105 
Transverse sound velocity ut (cm/s) 5.4 × 105 
Dielectric constant εs 11.7 
 Intravalley acoustic phonon scattering: 
Deformation Potential Dac (eV) 6.6 
 Intervalley phonon scattering: 
 phonon energy  Deformation Potential Scattering 
 ivω= (meV) D0 (eV/cm) D1 (eV) mode (type) 
 11.4  3.0 TA (g1) 
 18.8  3.0 LA (g2) 
 63.2 3.4×108  LO (g3) 
 21.9  3.0 TA (f1) 
 46.3 3.4×108  LA (f2) 
 59.1 3.4×108  TO (f3) 
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